Foliar fungicide use in the U.S. Corn Belt increased in the last decade; however, questions persist pertaining to its value and sustainability. Multistate field trials were established from 2010 to 2012 in Illinois, Iowa, Ohio, and Wisconsin to examine how hybrid and foliar fungicide influenced disease intensity and yield. The experimental design was in a split-split plot with main plots consisting of hybrids varying in resistance to gray leaf spot (caused by Cercospora zeae-maydis) and northern corn leaf blight (caused by Setosphaera turcica), subplots corresponding to four application timings of the fungicide pyraclostrobin, and sub-subplots represented by inoculations with either C. zeae-maydis, S. turcica, or both at two vegetative growth stages. Fungicide application (VT/R1) significantly reduced total disease severity relative to the control in five of eight site-years (P < 0. ABSTRACT Mallowa, S. O., Esker, P. D., Paul, P. A., Bradley, C. A., Chapara, V. R., Conley, S. P., and Robertson, A. E. 2015. Effect of maize hybrid and foliar fungicides on yield under low foliar disease severity conditions. Phytopathology 105:1080-1089.
with either C. zeae-maydis, S. turcica, or both at two vegetative growth stages. Fungicide application (VT/R1) significantly reduced total disease severity relative to the control in five of eight site-years (P < 0.05). Disease was reduced by approximately 30% at Wisconsin in 2011, 20% at Illinois in 2010, 29% at Iowa in 2010, and 32 and 30% at Ohio in 2010 and 2012, respectively. These disease severities ranged from 0.2 to 0.3% in Wisconsin in 2011 to 16.7 to 22.1% in Illinois in 2010. The untreated control had significantly lower yield (P < 0.05) than the fungicide-treated in three site-years. Fungicide application increased the yield by approximately 6% at Ohio in 2010, 5% at Wisconsin in 2010 and 6% in 2011. Yield differences ranged from 8,403 to 8,890 kg/ha in Wisconsin 2011 to 11,362 to 11,919 kg/ha in Wisconsin 2010. Results suggest susceptibility to disease and prevailing environment are important drivers of observed differences. Yield increases as a result of the physiological benefits of plant health benefits under low disease were not consistent.
During the past decade, maize (Zea mays L.) production in the U.S. Corn Belt has seen an increase in the use of foliar fungicides (Munkvold et al. 2008) . Previously, the application of foliar fungicides to maize was rare, since the yield response was not sufficient to economically offset the cost of the fungicide (Munkvold et al. 2001; Paul et al. 2011; Wegulo et al. 1997) . In recent years, however, high grain prices have led to increased land area under maize production. Purported yield enhancement associated with quinone outside inhibitors (QoI; sometimes referred to as strobilurins) have encouraged the use of foliar fungicides (Bradley 2012) .
Maize is susceptible to several foliar fungal spot and blight diseases (Balint-Kurti and Johal 2009; White 1999) , including gray leaf spot (GLS), caused by Cercospora zeae-maydis, (anamorph) and northern corn leaf blight (NCLB), caused by Setosphaera turcica -teleomorph (Exserohilum turcicum -anamorph). Traditionally, resistant hybrids or cropping practices, such as crop rotation and tillage, have been successfully used to manage these diseases. However, over the past two decades, minimal rotation and reduced or no-tillage have increased residue (Boosalis et al. 1986 ) and increased the risk of residue-borne disease-driven yield loss in maize, thus leading to greater interest in foliar fungicides (Wise and Mueller 2011) . While fungicide use on corn was rare prior to 2002, and unreported by the U.S. Department of Agriculture until 2005 , Munkvold et al. (2008 estimated fungicide use at approximately 18% of acreage planted in the major corn producing states in that year. In 2010 the fungicide-sprayed acreage was estimated to be approximately 10% of acreage planted (Battaglin et al. 2011; Munkvold et al. 2001 , Munkvold et al. 2008 Wise and Mueller 2011) .
The decision to apply a foliar fungicide to maize is usually based on the developmental stage of the crop, environmental factors, the susceptibility of the host, and disease severity (Nelson and Meinhardt 2011) . The effectiveness of such applications largely depends on their timing (Ward et al. 1997) . Current recommendations are for application of foliar fungicides to maize at anthesis-crop development stages VT to R1 (Abendroth et al. 2011) . These are based on the use of a measure that leads to the defining of characteristics for when to spray, i.e., a disease threshold of 5% severity on the third leaf below the ear leaf and above on 50% of the plants in the field at anthesis (Munkvold 1997) . The range of crop development stages VT to R1 covers tassel emergence, silking, pollination, and fertilization. Thus, the number of harvestable kernels is determined and is a function of conditions during this period (Abendroth et al. 2011) . A fungicide application at the R2/R3 (blister/milk) crop developmental stages provides protection from fungal infection to the leaves in the upper canopy and ensures their continued photosynthetic activity through to the R4/R5 (Munkvold 1997 ) crop developmental stages while grain fill takes place (Abendroth et al. 2011) . Most of the VT/R1 threshold-based fungicide application guidelines were developed in the 1990s for DeMethylation Inhibitor (DMI) fungicides (Munkvold 1997; Munkvold et al. 2001 ). In the past decade, however, several new classes of fungicides with different modes of action, including strobilurin and succinate dehydrogenase inhibitor (SDHI) fungicides, have been registered for use on maize in the United States (Hewitt 1998) .
Another factor responsible for increased fungicide use since 2007 is the marketing of strobilurins for yield enhancement in the absence of disease (Bartlett et al. 2002; Venâncio et al. 2003) . Yield enhancement has been attributed to physiological effects (plant health benefits) related to greater water and nitrogen use efficiency (Ruske et al. 2003) , increased antioxidant activity (Wu and Von Tiedemann 2002) , delayed leaf senescence, and increased stand-ability of maize at harvest (Venâncio et al. 2003; Wise and Mueller 2011) . Questions regarding the frequency of a positive yield response, economic benefit and justification for this use of fungicides, sometimes at the expense of other viable disease management options, however have been raised (Costa et al. 2012; Munkvold et al. 2001; Paul et al. 2011) . In order to ensure sufficient sustainability, strobilurin fungicides should be part of an IPM system that minimizes the risk of development of resistant subpopulations of the pathogens being managed (Brent and Hollomon 2007; Vincelli 2002) . Paul et al. (2011) used meta-analysis to synthesize research findings from multiple individual trials (2002 to 2009) with multiple variables (hybrid, environment, trial design, and fungicides) on maize response to the most widely used foliar fungicides. These analyses indicated a positive yield response even at low disease though this was not always economically beneficial. Therefore, the objective of the current study was to develop a model within an IPM framework that could be used to determine how different disease intensities affect maize yield and how different management tactics (resistance and fungicide application) may mitigate these effects.
We hypothesized that depending on the maize hybrid and environment, foliar and stalk diseases may influence grain yield individually or in combination. This effect of diseases on yield may in turn influence the economic value of using a foliar fungicide. To test these hypotheses, coordinated field experiments were conducted in Illinois, Iowa, Ohio, and Wisconsin. The novelty of our approach was in the use of the same hybrids, fungicide, and its application timing and inoculation at all locations with the specific objectives of investigating (i) the effects of fungicide application timing on the intensities of foliar disease and stalk rot development and (ii) yield response in hybrid maize with varying levels of resistance to foliar diseases. (Table 1) . Rainfall, relative humidity (%), and daily temperature data for the months of May to October for all siteyears were downloaded from the NOAA website for the airport nearest to the location (accessed 20 September 2013). Data on the 30-year average (normal) (Environment Canada, 2011) for the same parameters was also noted.
MATERIALS AND METHODS

Multistate
All trials were established in no to minimum-tilled fields planted with maize the previous growing season, mimicking a conservationtillage/continuous-maize cropping system. Trials were managed according to local University extension recommendations related to agronomic practices (Dodd 1980; Mueller and Sisson 2013; Nafziger 2009; Thomison et al. 2005) . The experimental design was a randomized complete block with split-split-plot arrangement of hybrid, fungicide treatment, and inoculation in four replicate blocks. The whole plot treatment was hybrid (four levels; two levels in Ohio 2012), the subplot was fungicide application timing (four levels), and the sub-subplot was inoculation treatments (10 levels), hereafter referred to as the plot. Each plot consisted of four 7.62-mlong rows, spaced 76.2 cm apart. There were a total of 640 plots at each site-year, except for Ohio 2012 with 320 plots.
Four yellow dent corn hybrids, differing in levels of partial resistance to GLS and multigenic resistance to NCLB, were obtained from DuPont Pioneer Hi-Bred International (Johnston, IA): (i)'P0461XR' (104 days to comparative relative maturity [CRM 104 days] , and susceptible to GLS and NCLB, (ii) 'P0891XR' (CRM 108 days and resistant to GLS and NCLB), (iii) 'P35F44' (CRM 105 days, resistant to NCLB and susceptible to GLS), and (iv) 'P33W84' (CRM 111 days, resistant to GLS and susceptible to NCLB). All four hybrids were planted in all site-years, except for Ohio in 2012 when only 'P0891XR' and 'P0461XR' were planted.
The following fungicide treatments were evaluated: an untreated control (UTC), a single application of Headline (pyraclostrobin, BASF, Research Triangle Park, NC) made (i) between anthesis and silking (VT/R1) stages (Abendroth et al. 2011), or (ii) between blister and milk (R2 to R3, respectively) stages, or (iii) using a foliar disease severity threshold (T). The threshold-based applications were made when GLS or NCLB lesions were observed on the third leaf below the ear or above on 50% of the plants in the subplot (Munkvold 1997) . At the Ohio location in 2010, there were three replicates of the threshold treatment, while in Wisconsin trial in 2011, no threshold treatment was applied since the threshold was not observed; therefore, this treatment was considered as another replication of the untreated control.
Each subplot was divided into 10 four-row plots that were inoculated with different combinations of C. zeae-maydis and S. turcica between crop development stages V6 and V12 to ensure pathogen presence and increase the chances of infection. In Iowa and Ohio, plots were inoculated either at V6, V9, or at both V6 and V9, whereas in Illinois and Wisconsin, plots were inoculated either at V9, V12, or at both V9 and V12. Inoculation treatments consisted of noninfested sterilized grain (UTC), sterilized grain infested with C. zeae-maydis alone, S. turcica alone, or a 1:1 mixture of sterilized grain infested with C. zeae-maydis and S. turcica. Inoculum was prepared as previously described (Venâncio et al. 2003) , using sorghum (Sorghum bicolor) as the carrier, except in Ohio where white millet (Panicum miliaceum) was used (Wallhead 2012) . Approximately 18 to 20 kernels of infested grain inoculum were dispensed into the whorl of each plant in the two center rows of each plot at the appropriate crop development stages. Foliar disease severity assessments. Foliar disease severity was assessed in all plots. The number of disease assessments varied by trial, ranging from a single assessment in both years in Ohio, two in Illinois in 2010, and three at all other site-years. The date and growth stage at which disease severity was assessed also varied among sites (Table 1) , ranging from 55 to 116 days after planting (dap), which corresponded to crop developmental stages R1 and R5, respectively. For the purpose of data analysis and treatment comparison, disease assessment data from 80 to 93 dap (approximate crop developmental stage early R5) were used in 2010, and 103 and 116 dap (approximate crop developmental stage mid to late R5) in 2011 and 2012. Plots were evaluated by quantifying disease severity (percent leaf area covered with lesions) on the ear leaf, one leaf above the ear leaf and one leaf below the ear leaf. Severity of NCLB and GLS were assessed separately in both years in Iowa and Wisconsin, and in 2010 in Ohio. Notes were taken on several other foliar diseases including anthracnose leaf blight (caused by Colletotrichum graminicola), common rust (caused by Puccinia sorghi), and eyespot (caused by Kabatiella zeae) (data not shown). In Illinois in 2010 and 2011, and Ohio in 2012, a composite measure of disease severity was done by quantifying the percent leaf area covered by lesions of all foliar diseases present; NCLB was the predominant disease in Ohio in 2012.
Stalk rot assessments. At physiological maturity (R6), stalk rot severity was estimated on three or six consecutive plants in each of the two center rows of each plot, depending on state. Plants in each plot were destructively sampled and split longitudinally from the ear down to the soil line and stalk rot severity was assessed using a 0 to 5 rating scale (0 = no stalk rot evident and 5 = complete destruction of the pith with lodging below the ear), similar to that used by Hines (2007) . Assessments of plots were made on a conditional basis meaning that control plots were assessed first. If stalk rot severity was, on average, equal to a rating of 2 or higher, the rest of the plots were assessed, and if not, no further assessments were made. All plots were scored at Iowa in 2010, at Illinois in 2010 and 2011, and only control plots were rated at Iowa in 2011, at Ohio in 2010, and at Wisconsin in 2010.
Yield assessments. After physiological maturity (crop developmental stage R6), the remaining plants in the two center rows of each plot were harvested using a plot combine with a scale and grain moisture sensor installed. Yields were converted to kilograms per hectare and were standardized to 15.5% moisture.
Statistical analyses. Data were analyzed using PROC GLIMMIX of SAS v. 9.2 (SAS Institute, Cary, NC) (Littell et al. 2006) to examine the effect of the different treatments on both disease severity and yield. Exploratory analyses indicated large variations across trials; therefore, each individual site-year was analyzed separately. For all analyses the level of significance was set to 5% (a = 0.05) and Fisher's protected least significant difference (LSD) was used to compare treatments. Furthermore, when significant interactions were found, the SLICE option in SAS was used to examine these at the level of each main effect. Graphical methods including boxplots and histograms were used to visualize means stratified by hybrid, fungicide, inoculation, and/or their interactions. Correlation was tested for the association between foliar disease and stalk rot. Results from the exploratory analysis showed that the use of a square-root or logit transformation did not reduce the overdispersion of zero's observed in scores for the two diseases (GLS and NCLB). Therefore, disease severity data were analyzed without transformation. For final models, hybrid, fungicide timing, and inoculation were considered fixed effects, while replication and whole plot and subplot errors were considered random effects. Due to missing observations, degrees of freedom were calculated based on the Kenward-Rogers method (Littell et al. 2006) .
RESULTS
Weather data summary. The average monthly trends during the period of each trial for rainfall, temperature, and relative humidity are presented in Table 2 . The 30-year average (normal) weather data used in this study were from weather stations near each site. Emphasis was placed on July and August when fungicide application and most disease ratings were done. Temperature averages ranged from 22.8 to 25.0°C in July and August 2010, and between 18.6 and 25.6°C in July and August 2011. Rainfalls were normal, except for Wisconsin 2010 with 203 mm in July and Iowa 2010 with 381 mm in August that were above normal, while in Illinois 2011 August rainfall at 37 mm was below average.
In 2010, the temperature in June and July was near normal, while in August, September, and October temperatures were above normal across the four states, except for Wisconsin where an early frost occurred. In June 2010, rainfall was above normal in Iowa and some plots flooded resulting in uneven growth in the trial. In August, rainfall was above normal in Iowa and Wisconsin. The second year of the study started with above normal rainfall in Iowa, Illinois, and Ohio in May; however, it was 75% of the normal in Wisconsin. In Iowa and Illinois the rainfall was above normal in June and below normal in Ohio. July was drier than normal at all sites and this continued through August in Iowa and Illinois; however the rainfall was above normal in Wisconsin and normal in Ohio.
At all locations, June temperatures were slightly below normal. Conditions in July throughout the region were warmer than normal, and this trend continued through September. Warm windy conditions were prevalent at all locations in October. The 2012 growing season in Ohio was characterized by warm and dry conditions, and the daily mean temperature (25.5°C) in July was the warmest since 1934.
Foliar disease. The total mean severity of both diseases (GLS and NCLB) was combined for the different treatments. There were no statistically significant three-way interactions of fixed effects at any site-year, nor two-way interactions of fungicide application by inoculation, and hybrid by fungicide application observed for the disease severity (Table 3 and Supplementary Table S1 ). However, a significant effect of the hybrid by inoculation interaction on disease was observed at Illinois in 2010, at Ohio in 2010, and at Ohio in 2012 (P < 0.0001, P < 0.0001, and P = 0.0012, respectively). Hybrid 'P0461XR' (susceptible to both GLS and NCLB) when inoculated with both pathogens consistently had higher disease severity than the other hybrid by inoculation combinations. At Illinois in 2010, the noninoculated control had the lowest levels of disease, significantly lower than in the inoculated treatments for all the hybrids. At Ohio in 2010 (P < 0.0001), there was no significant difference in mean disease severity between C. zeae-maydis inoculated treatments ('P35F44' 1.1%, 'P33W84' 0.2%, 'P0461XR' 0.7%, and 'P0891XR' 0.5%) and noninoculated treatments for any hybrid ('P35F44' 0.2%, 'P33W84' 0.1%, 'P0461XR' 0.4%, and 'P0891XR' 0.1%). However, inoculation with S. turcica resulted in significantly higher mean disease severity ('P35F44' 6.4%, 'P33W84' 4.9%, 'P0461XR' 8.0%, and 'P0891XR' 1.6%) when compared with the noninoculated control or plants inoculated with C. zeae-maydis alone. Similarly, at Ohio in 2012 (P = 0.0012), the noninoculated control had less disease in two of the hybrids, 'P0461XR' (4.3%) and 'P0891XR' (2.3%), although this treatment was only significantly different from the inoculation treatment with both C. zeae-maydis and S. turcica pathogens in hybrid 'P0461XR' with susceptibility to both GLS and NCLB (11.9%; P = 0.0012) (Fig. 1) . Table 3 summarizes P values from fixed effects in all site-years. Trials in which P < 0.05 are bolded indicate differences in treatments and thus emphasize factors that could drive interactions observed. In the case of Illinois in 2010, Ohio in 2010, and Ohio in 2012, hybrid, fungicide, and inoculation affected disease severity.
A significant effect of fungicide on disease was observed at Iowa in 2010 (P = 0.0304) and at Wisconsin in 2011 (P = 0.0396). Inoculation had a significant effect on severity at Iowa in 2011 (P = 0.0477). In 2010, mean foliar disease severity across hybrids was low (<5%) in Iowa, Ohio, and Wisconsin but considerably higher in Illinois (11 to 30%). In the second year foliar disease severity ranged from 2 to 23% at Illinois in 2011; however it was generally lower, <2%, across all treatments at Iowa in 2011, at Wisconsin in 2011, and at Ohio in 2012, (Fig. 2) .
Disease severity in all trials was generally low, <25%, in all sites. Fungicide application affected disease in Iowa (P = 0.0304), Illinois (P < 0.0001), and Ohio (P = 0.0491) in 2010, Wisconsin (P = 0.0396) in 2011, and Ohio (P = 0.0229) in 2012. The percent disease reduction was often quite small (Fig. 3 ). An application of fungicide at VT/R1 reduced disease severity more than those at R2 to R3, at disease threshold and the untreated control (Iowa, 1.0, 1.3, 1.3 , and 1.4%; Illinois, 16.7, 21.1, 22.1, and 20.9%; and Ohio, 1.5, 2.0, 2.0, and 2.2%, respectively) (Iowa, 1.4%; Illinois, 20.9%; and Ohio, 2.2%). Similarly at Wisconsin in 2011 and at Ohio in 2012, the highest mean disease severity was observed in the untreated control (Wisconsin 0.3%, Ohio 5.7%) compared with the fungicide applied at VT/R1 (Wisconsin 0.2%, Ohio 4.0%) (Fig. 3) .
Stalk rot. Stalk rot assessments were made in all plots at Iowa in 2010, Illinois in 2010 and Illinois in 2011. The disease estimate in control treatments was extremely low and did not justify proceeding with further rating in any plots at Wisconsin in 2011 and at Ohio in 2012. There was no association between stalk and foliar diseases as only 1 to 3% of the variation in stalk rot could be predicted by the foliar disease (data not shown). There was no effect of fungicide application on stalk rot severity (P = 0.6000) at Iowa in 2010; however, fungicides applied at the VT/R1 stage reduced stalk rot severity at Illinois in 2010 (P = 0.0002) and at Illinois in 2011 (P = 0.0441) ( Table 4) . Hybrid affected stalk rot at Illinois in 2011, where stalk rot ratings averaged 2; the hybrid 'P0891XR', which is resistant to GLS and NCLB, had a statistically higher score than the other hybrids (Table 5) .
Yield. Grain yields were generally higher in 2011 and 2012 than in 2010 in Iowa, Illinois and Ohio locations (Figs. 4 and 5) . There was an interaction of hybrid by fungicide application on yield at only one site-year, Wisconsin 2011 (P = 0.005) (Table 6 ), where PPT, precipitation (rainfall) ; Days, number of days with rainfall more than 2.54 mm; RH, relative humidity (%); and T, temperature in degrees Celsius. greater yields were measured on 'P33W84' and 'P0461XR' with fungicide applied at VT/R1 or at R2 to R3 compared with the untreated control. At this same location, an R2 to R3 fungicide application on 'P0891XR' also resulted in greater yields than the control (data not shown). Hybrid by inoculation affected yield in only one site-year, Illinois in 2011 (P = 0.0089) (Table 6) , where hybrids with resistance to NCLB consistently yielded better than the susceptible hybrids, and treatments that had inoculations with S. turcica at two different times had lower yields.
In 2010, fungicide application affected yield in Illinois (P = 0.0320), Ohio (P = 0.0199), and Wisconsin (P < 0.0001). The untreated control yielded lower than fungicide-treated plots in Illinois, Ohio, and Wisconsin (Table 1 ). There were no differences with regard to application timing for these fungicide-treated plots. Similarly, at Wisconsin in 2011 (P = 0.0012), the fungicide treatments yielded more than the untreated control, but were not different from each other (Fig. 4) .
Yield varied by hybrid at Wisconsin in 2010 (P = 0.0011) and at Iowa in 2011 (P = 0.0164) (Fig. 5) . The hybrid with resistance to GLS, 'P33W84', had the highest yields at Wisconsin in 2010 and at Iowa in 2011, while hybrid 'P0461XR' with susceptibility to both GLS and NCLB had the lowest yields. At Illinois in 2011, 'P35F44', with resistance to NCLB, had the greatest yield compared with the other hybrids (P = 0.0264) that were not different from each other.
DISCUSSION
We evaluated the use of foliar fungicides on corn in standardized trials conducted in different environments across four states in the Fig. 1 . Effect of hybrid and inoculation (with pathogen Cercosposa zeae-maydis [CZM] or Setosphaera turcica [ST] or None or Both) on gray leaf spot (GLS) and northern corn leaf blight (NCLB) combined disease severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of four maize hybrids ('P35F44', resistant to NCLB; 'P33W84', resistant to GLS; 'P0461XR', susceptible to both GLS and NCLB; and 'P0891XR', resistant to both GLS and NCLB) grown at three sites between 2010 and 2012. U.S. Corn Belt. Our research is unique because we used the same hybrids, fungicide product, and application timings in all eight siteyears. Different hybrids, products, or application timing confounds previous research that assessed foliar fungicides on corn.
Despite inoculation at early growth stages to enhance disease development, final disease severity in six of the eight site-years was low and strongly influenced by environment and hybrids. In Illinois, variation in disease due to hybrid was moderate while variation related to fungicide application was low. Trials in which fungicide application yielded higher corn yields (statistically significant) did not necessarily always also have disease significantly lowered when a fungicide was applied compared with the nonsprayed control.
Our data indicated consistently lower disease severity on resistant (partial/incomplete) hybrids, even in situations where disease severity was considered very low (<5%). Foliar diseases cause chlorosis and necrosis that reduce the photosynthetic ability of leaves. The use of foliar fungicides is most likely to be profitable when foliar disease severity is high (Paul et al. 2011) . Nonetheless, while the protection from the application of a foliar fungicide is similar at low disease severity, meaning that the disease severity is reduced, economically it is not likely to be profitable and therefore has less direct impact on improving corn production (Johnson 1987) . These results are similar to those observed in trials conducted between 2002 and 2009 in 14 states (Paul et al. 2011 ) where the differences in either disease or yield due to a fungicide application were highly variable among studies. In our trials, fungicide application reduced combined GLS and NCLB disease severity in four of the eight site-years, and an application made at VT/R1 was generally the most effective. These results are consistent with those reported by Nelson and Meinhardt (2011) , who showed that the severity of GLS was reduced by an application of pyraclostrobin at VT in four out of six site-years and NCLB in one out of six siteyears.
The efficacy of a fungicide depends on application timing and is influenced by the amount of disease that is present in the fields (Coulter 2010; Wise and Mueller 2011) . In our research, applications made between VTand R1 were the most effective in lowering disease severity under either low or moderate disease conditions. This concurred with previous recommendations for fungicide application in the United States (Munkvold and Gorman 2006) . However, this reduction in disease did not consistently translate into a yield benefit. For example, in the 2010 and 2011 Illinois trials, where disease intensity was considered moderate, there was a reduction in disease severity with fungicide application, but differences in yield were not statistically significant (P > 0.05). A similar situation was observed at Iowa in 2010 trial, where disease severity was low and was reduced with fungicide application (P = 0.0304), but differences in yield were again not significant. One explanation could be due to disease onset occurring later in the growing season and therefore not impacting grain fill. In addition hybrids with resistance (incomplete/partial) to foliar diseases can withstand the diseases and show minimal impact on grain fill and yield even when foliar symptoms are present (Wallhead 2012 ). In our trial only 'P0461XR' had susceptibility to both GLS and NCLB, while the other hybrids had resistance to at least one of the diseases. In another study, Blandino et al. (2012) reported that earlier applications (V12 to V15, pre-VT) were effective at reducing NCLB when disease severity was high, while applications from VT to R3 were effective in reducing NCLB when disease severity was low. However, in that study only applications around VT significantly increased grain yield compared with an Fig. 2 . Effect of hybrid on gray leaf spot (GLS) and northern corn leaf blight (NCLB) disease severity (%) assessed at the R4/R5 crop developmental stage, on the ear leaf of four maize hybrids grown at four sites between 2010 and 2012. Trial was repeated in 2011 in Iowa, Illinois, and Wisconsin and 2012 in Ohio. All hybrids were from DuPont-Pioneer Hi-bred International, Inc. P35, 'P35F44', susceptible to GLS and resistant to NCLB; P33, 'P33W84', resistant to GLS and susceptible to NCLB; P04, 'P0461XR', susceptible to both GLS and NCLB; and P08, 'P0891XR', resistant to both GLS and NCLB. IA, Iowa; IL, Illinois; OH, Ohio; and WI, Wisconsin. Ohio 2012, only two hybrids were evaluated 'P0461XR' and 'P0891XR'. untreated control. This emphasizes the influence of the presence of disease and timing of application on the grain yield when making comparisons to untreated controls.
We did not consistently reduce disease when an application of fungicide was made at disease threshold (Munkvold 1997) . These results were not affected by whether the threshold treatment was met for both diseases at the same time, or for individual diseases, as observed in 2010 at Ohio and in 2011 at Iowa. Shah and Dillard (2010) , working with sweet corn in New York, reported that a threshold treatment of a strobilurin fungicide applied when 1% of a plot had foliar disease, reduced foliar disease by 8% compared with the control in a susceptible hybrid with up to 60% foliar disease severity, but there was no yield benefit. The inconsistencies between our work and that of Shah and Dillard (2010) could be due, in part, to the higher susceptibility of sweet corn to foliar disease or the threshold being conservative. The disease threshold for fungicide application is an area of research that warrants further investigation.
The risk of GLS is affected by planting date and consequently crop growth stage relative to favorable weather (Bhatia and Munkvold 2002; Paul and Munkvold 2005) ; thus, final GLS severity may be greater on late planted maize compared with maize planted at the recommended planting time. Growers in the Corn Belt are planting earlier compared with the past (Elmore 2013) ; consequently crops often reach reproductive stages before late July to early August when weather conditions are more favorable for foliar disease development. Decisions on fungicide application timing should take into consideration the environment in the current growing season and the crop developmental stage, so that the fungicide effective period overlaps with when the weather is favorable for disease. It has been suggested that fungicide application could lead to economic losses if done when disease risk is low (Paul et al. 2011) . In our trials, in three of eight site-years, we observed an increase in yield when foliar fungicides were applied in the absence of disease control (Illinois 2010 , Wisconsin 2010 , and Ohio 2012 . QoI fungicides in the U.S. Corn Belt have been labeled for yield enhancing plant health benefits (Nelson and Meinhardt 2011) . Others have reported greater yields in the absence of disease or under low disease (Paul et al. 2011) , and it has been postulated that this is because fungicides manage minor foliar diseases, saprophytic fungi, and delay senescence (Bertelsen et al. 2001; Köehle et al. 2002) . Nonetheless, across our trials, lack of a consistent yield increase in the absence of disease was not observed. These results concur with those of Bradley and Ames (2010) who reported variability in yield response of field trials conducted across years. Although Paul et al. (2011) observed increased mean yield response at low levels of disease, it was not always economically beneficial.
Our trials were inoculated at two growth stages, with different combinations of S. turcica and C. zeae-maydis to enhance disease development in the trials. The effect of inoculation on yield was significant in three out of eight site-years (Illinois 2010 and 2011 P < 0.0001; Iowa 2010 P = 0.0092) but more inoculations did not always result in more disease and/or reduced yields. The presence of a pathogen alone does not lead to disease, since the host needs to be susceptible and the prevailing weather conditions must be favorable for the disease to occur (Stack 1999) . Since disease in six out of eight site-years was low, the disease triangle conditions leading to increased infection must not have been met. At Wisconsin in 2010 where high yields were observed, the period from July to August had above normal (30-year average) rainfall, corresponding to when maize was at R3 to R4 crop developmental growth stage or beginning grain fill. Genotype by environment interactions could have contributed to the high yields observed. Resistance in hybrid genetics and cultural methods that affect the cropping environment should be considered as part of an IPM system in association with foliar fungicide applications. The goal should be a positive and sustainable yield response under different environments and depending on what the risk factors are on a case by case basis. When continuously used in the absence of need, QoIcontaining fungicides are a cost that may reduce producers' profits and increase risk of fungicide resistance development (Blandino et al. 2012; Bradley and Pedersen 2011; Walker et al. 2009 ).
Previous studies associate foliar disease development with early onset of senescence, increased risk of stalk rot, reduced grain fill, and consequently lower yields (Stack 1999; Roeth and Elmore 2000) . Furthermore, plants with stalk rot are more susceptible to lodging, which can slow down machine harvesting and can result in susceptible to GLS and resistant to northern corn leaf blight (NCLB); 'P33W84', resistant to GLS and susceptible to NCLB; 'P0461XR', susceptible to both gray leaf spot (GLS) and NCLB; and 'P0891XR', resistant to both GLS and NCLB.
dropped ears during harvest (Dodd 1980) . In the present study, foliar disease severity ranged from low to moderate, while stalk rot was marginal; the impact of both diseases on yield was generally low. Our data suggest that fungicide application can be a viable IPM component for hybrid maize production in the U.S. Corn Belt, provided all sides of the disease triangle are met. However, yield advantages as a result of reduced disease or other factors that may be induced by QoI fungicide application, especially when disease is low or absent, were not consistent. More research is needed to define the disease threshold level for fungicide application on hybrids, particularly in light of environmental conditions and hybrid genetics. Successful management of corn foliar diseases should include practices incorporating all four components. These consist of prevention practices such as planting of hybrids with resistance to disease, avoidance practices such as rotation, monitoring practices such as scouting, and suppression practices such as use of pesticides.
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